We propose a three-dimensional (3-D)-input method using a relief-like depth map generation algorithm (REAL). REAL is based on the concept of reproducing a depth map, like the relief of a coin, from 3-D input. It enables a portable 3-D-input system to be achieved using only a monocular camera and a photoflash. REAL is very simple and convenient compared with conventional technology using triangulation. In this paper, we give an overview of the concept and the depth map calculations. Results of a subjective test conducted using 3-D images generated by REAL indicate that observers perceived natural 3-D images.
Introduction
With the recent establishment of groups such as the 3-D Consortium [1] and the Consortium of 3-D Image Business Promotion [2] , the opportunities for using three-dimensional (3-D) images are growing rapidly. 3-D-output techniques include 3-D displays based on parallax [3] , [4] and lenticular [5] methods, which have been developed commercially not only for consumer products such as cellphones, but also for personal computers (PCs) and amusement machines [6] . In NTT Cyber Space Laboratories, we are researching and developing a DFD (depth-fused 3-D [7] ) display that is less fatiguing to watch than conventional stereoscopic displays. Before 3-D images can find their way into consumer products, it will be necessary to resolve not only software issues such as the provision of attractive content, but also hardware issues involved in making it just as easy to input and output natural 3-D images as to take photographs with a camera.
Conventional 3-D-input technologies have mainly been for industrial applications [8] , where the main requirements are accuracy and range for shape measurements. However, for consumer 3-D-input applications it is more important to concentrate on making the equipment more compact, reducing the measurement times, and eliminating the need for a specialized imaging environment-accuracy and range are not as important. Although various studies [9] - [13] have tackled these issues, they have yet to result in practical applications.
The light sectioning methods involve projecting stripes of light onto the subject so as to scan it in a number of light sections which are then imaged from another direction and converted into 3-D form by triangulation based on the direction from which the stripes were projected and the position from which the subject is viewed. Triangulation methods involving the use of projected patterns (not just the light sectioning methods) are characterized by their high accuracy. On the other hand, to detect the projected patterns correctly, it is generally necessary to use a specialized imaging environment. Moreover, since images are generally obtained one at a time while changing the projection angle of the stripe light source in order to scan the subject, the measurement time is also long. Recently there have been reports [10] , [11] of an ultrafast device that can perform measurements in real time, but this device requires a highintensity laser as the light source for the stripe lighting for adequate sensitivity.
NTT Technical Review
Stereo methods can be used to perform measurements based on the principle of triangulation from images taken by multiple cameras at different imaging positions. A characteristic of stereo methods is that measurements (subject acquisition) can be performed in real time without the need for a special imaging environment. However, since it is difficult to perform image processing to match up the same objects from within natural images taken with multiple cameras, this method generally has poor accuracy and reliability. Multi-baseline stereo methods [14] have been proposed as effective solutions for these problems, and they have been employed in several commercial stereo-method systems [15] - [17] . However, when configuring a multi-baseline stereo system it is necessary to increase the number of cameras in proportion to the number of baselines, which is undesirable from the viewpoint of compactness.
A problem shared by all methods that use triangulation is that there are some regions whose depth cannot be obtained due to occlusion. Furthermore, since the baseline must cover at least a certain length, they are not suitable for portable systems. The relationship between baseline length and imaging distance also depends on the sensor resolution, but when measurements are performed with an imaging distance of 1-2 m, the baseline should normally be at least 5-10 cm long. Since these issues affect size measurement accuracy, they are difficult to solve in principle, so it is difficult to apply measurement techniques based on the principle of triangulation to consumer applications such as 3-D input for objects at size ranges comparable to human beings.
Conversion techniques that produce 3-D images from 2-D images have also been studied [18] , [19] , but since these techniques do not use any information derived from measurements, they are generally unsuitable for obtaining solid images that are sufficiently natural.
This paper proposes a technique that adds pseudodepth information, which enables it to convey a perceptually natural 3-D impression when data obtained by a rough 3-D-input method without the use of triangulation is depicted on a 3-D display. It enables a portable 3-D-input system to be achieved using only a monocular camera and a photoflash. We give an overview of the concept and the depth map calculations. Results of a subjective test conducted using 3-D images added pseudo-depth indicate that observers perceived natural 3-D images in a DFD display.
Concept
In this study we concentrated on objects such as coins and medals with engraved relief patterns. As shown in Fig. 1 [20] , coins often have some kind of design engraved in a relief pattern. These designs cannot be made very thick, so they are engraved with rounded forms having more or less the same height, but since human perception is based on previous learning experience, humans can perceive a 3-D impression that appears quite natural and varies with the inclination and context of the design. If a coin depicts the profile of a human face rendered with relief gradations, with a building shown in the background, then the face can be perceived in 3-D without any sense of incongruity. Thus, humans are able to perceive 3-D impressions even from thin relief images engraved on walls or coins, without experiencing any particular feelings of incongruity.
We propose an algorithm for generating relief-like depth maps as a new scheme based on the concept of generating thin relief-type 3-D bodies by building up a deformed pseudo-depth without considering the exact scale of the part to be modeled. This scheme is called REAL (relief-like depth map generation algorithm).
In REAL, an acquired image is made three-dimensional by adding relief-type distance data to it. To do this it is necessary to decide which regions of the image the relief depth information should be added to. In this paper, as a typical example of a consumer application, we assume that the algorithm is used to process pictures taken using a cellphone equipped with a camera. Earlier studies have shown that the subject is highly likely to be a human [21], [22] and that a self-portrait of a female is the most common subject [23] . This suggests that the main subject is often situated quite close to the camera. Accordingly, in the basic concept of REAL it is assumed that the parts that are to be made three-dimensional are in the foreground. Based on this assumption, the image is roughly separated into foreground and background parts, and relief depth is added only to the foreground. Parts that are judged to be in the background are all treated as background objects regardless of their true distance. Figure 2 summarizes this process.
Processing of REAL
A step-by-step description of REAL is presented below.
• Step 1: Separate foreground and background First, the foreground and background are separated in order to extract the region to which the relief processing is to be applied. The difference in image intensities between a naturally lit image and a flashlit image of the subject is evaluated and compared with a fixed threshold to obtain a binary image. The threshold value used during this differencing process is affected by numerous factors including the ambient light, the flash intensity, the distance to the subject, the reflectivity of the subject, and the signal-to-noise ratio of the camera. However, to simplify the computation in this procedure, a single preset threshold is used in this process.
• Step 2: Add relief tone pseudo-depth to the object In REAL, the smallest depth is applied to the central region of the objects judged to be in the foreground, while their perimeter lines are given depths that connect smoothly with the background from the center of the object. Since the REAL depths are considered relative to the viewer, the smallest depth is set to a distance of zero (i.e., no depth). The reason the smallest depth is applied within a fixed range of the center region is to accentuate the jumping-out feeling.
Specifically, the algorithm determines the centroid of each extracted object and uses quadratic curves as expressed by Eq. (1) to represent the change in depth from the centroid to the perimeter.
(1)
Here, L is the depth of the background (L≥0), l is the distance from the centroid to the perimeter (l≥0), r0 is the ratio of the object allocated to the smallest Lighter parts are foreground.
Step 2. Add generated depth by applying quadratic curve. , and x is the distance from the centroid (0≤x≤l). Figure 3 shows the pseudo-depth added to the binary image. Here, f(x) represents the 3-D variation of the depth map, where the protruding regions are shown in lighter shades. Since the regions with greater protrusion are closer to the viewer, the positions in the image with the maximum intensity value have the smallest depth. Taking the distance l from the centroid to the perimeter to be 100%, the object is assigned to the smallest depth from the viewer (f(x)=0) for a distance determined by r0 from the centroid (here, 30% of the distance l). Beyond the distance determined by r0, pseudo-distance is added by applying a quadratic curve so that the distance at the perimeter of the extracted object matches the length of the background. Pseudo-depth is thereby added by performing the abovementioned process for every point on the perimeter.
In REAL it is defined that relief tones must vary smoothly without any sharp changes, but in the results of step 2 there are some parts where the depth is not smooth inside the object due to differences in the distance from the centroid to the perimeter. To remove these sharp depth changes, the depth map is subjected to a smoothing process. In this paper as the filter size we use a relatively large size of at least 0.05% of the image area. This value was obtained by experience from the results of viewing with a DFD display as the size at which a natural 3-D image can be perceived. Figure 4 compares the depth generated by REAL with the actual depth in typical 3-D images. In REAL the results are close to the actual depth if the depth profile of the subject is spherical, but stray from the actual profile otherwise. For example, in the case of a cylinder the actual depth is only rounded in the horizontal direction, but in REAL, rounding is applied in all directions from the centroid. Also, in the case of two adjacent spheres the actual depth is indented in the central region, whereas in REAL the central region sticks out. Even in cases where the depth pro- file is flat, as with a box shape, the results produced by REAL are still rounded in all directions. However, with this degree of discrepancy, when the context of the foreground and background is correct and the depth is continuous and smooth, it is possible to perceive a 3-D impression without any feeling of incongruity by pasting a texture onto this 3-D profile.
Comparison of depth generated by REAL with actual depth

Characteristics of REAL
The characteristics of REAL are discussed below. (a) Compact and low cost
The foreground/background separation is a type of distance measurement, but since only rough judgments are made it can be implemented with just a camera and a flash. It is thus easy to make the device compact. Since ordinary compact cameras and flash bulbs perform adequately for this purpose, the equipment can be implemented much more cheaply than conventional 3-D-input devices. (b) Simple computational processing REAL uses only simple image processing techniques such as image differencing, thresholding, and quadratic depth interpolation, so it can be fully implemented in real time on commercial PCs. We expect that in the near future even the central processing units (CPUs) incorporated into mobile equipment such as cellphones and personal digital assistants (PDAs) will be able to perform this processing in real time. (c) Natural image input REAL can basically operate up to ranges where the light from a flashbulb produces a difference in brightness. Unlike the light sectioning method it does not require a special imaging environment. (d) Acquisition of texture and depth data with a monocular device With REAL, a monocular device can acquire texture data and depth data simultaneously. Since it assigns a depth to every pixel in the image (albeit a pseudo-depth), it does not suffer from the occlusion problems that have plagued conventional techniques using triangulation. (e) Natural 3-D impression
By pasting a texture onto the pseudo-depth of the relief tones, it is possible to obtain a perceptually natural 3-D impression.
Subjective evaluation tests
We conducted subjective evaluation tests to examine whether the depth of the relief tones generated by REAL conveys a natural impression to the viewer when presented on a 3-D display.
Experiments
In the experiments, the test subjects were shown a reference image and a comparative image simultaneously for 15 seconds and were then asked to evaluate the comparative image relative to the reference image on a scale of five levels (very good, good, same, poor, very poor). A blank display period of 5 seconds was inserted before the presentation of the next image pair to prevent the results being affected by the previous evaluation. To make the test subjects aware of the range of fluctuation of 3-D impression, after one practice run, two evaluation runs were performed under the same conditions with the evaluation images presented in random order. A total of nine test subjects were used. An example of the image presentation sequence is shown in Fig. 5 . Figure 6 illustrates how the images were presented on the DFD display device in the experiments, and Fig. 7 shows the images used in the evaluation, which were the typical images shown in Fig. 4 . For each evaluation image we prepared a REAL image, a backdrop image, and a planar (2-D) image, which were displayed as shown in Fig. 6 . As comparative images we prepared REAL images and backdrop . Evaluation procedure for subjective test. ed using a REAL depth map. The backdrop images were images in which the foreground object was cut out and displayed in planar form by positioning it in front of its background, which acted like a stage backdrop in a theater. The subjective evaluation experiments were performed by judging criteria in four categories using the planar images as reference images. The evaluated criteria were as follows:
(1) 3-D impression Does the foreground of the evaluation image stand out compared with the reference image? (2) Natural impression Does the evaluation image appear natural compared with the reference image? (3) Image quality Does the evaluation image look good compared with the reference image? (4) Overall Does the evaluation image seem better than the reference image? A DFD display device was used for the 3-D display. Figure 8 shows the setup used in the subjective evaluation tests. The REAL, backdrop, and planar images were scaled to a size of 2 inches and presented at a viewing distance of 300 mm. The image size and Depth-fused 3-D images generated using REAL depth map are displayed in front and rear screens. viewing distance were chosen to correspond to cellphone usage. The depth representation range of the 3-D display was 3.0 mm. Figure 9 shows the results of analyzing the evaluation scores recorded for each of the evaluation criteria. The evaluation scores provided by each test subject were averaged together for each evaluation image when presented as a REAL image, a backdrop image, and a planar image.
Experimental results
Before examining the results relating to each evaluation criterion, we will describe the tendencies of the test subjects. The white circles in Figs. 9(a)-(d) are the theoretical values for the planar images. Since the reference images and planar images were identical, the same evaluation results should in theory be selected for both. However, test subject 4 evaluated this image as "very poor" in one instance. Also, there were many cases in which test subject 9 evaluated this image as "good" or even "very good". A closer look at the evaluation results provided by test subject 4 reveals that this test subject tended to give lower scores than the other test subjects for nearly all the items regardless of whether or not they were presented in planar form. Similarly, test subject 9 tended toward higher scores than the other test subjects. This is assumed to be because different offsets were applied to the evaluation standard by different test subjects even when the same reference values were shown. However, the tendencies in the evaluation of each comparative image (the relative relationship of the evaluation scores) were more or less consistent, so we think that these results can be analyzed by obtaining the average value in this rating scale method.
We examined how the REAL images were perceived by the viewers compared with the conventional image (planar image) for each evaluation criterion. The difference between the scores was confirmed REAL is better than 2-D.
REAL is similar to 2-D.
REAL is similar to 2-D. Fig. 9 . Results of subjective test.
with a 1% significant difference by performing a t-test * .
In the subjective evaluation results for "3-D impression", the REAL and backdrop images scored better than the planar images. This shows that even with a depth of about 3.0 mm it is possible to perceive a 3-D impression. There was no difference between the REAL images and backdrop images in terms of their 3-D impression.
In the subjective evaluation results for "natural impression", the planar and REAL images obtained similar scores, while the backdrop images obtained lower scores. This shows that it is possible to perceive a natural 3-D impression similar to that of planar images if pseudo-depth is added in the form of relief tones to only the foreground parts of the image.
In the subjective evaluation results for "image quality", the planar and REAL images obtained similar scores, while the backdrop images obtained lower scores. Since all the images had the same resolution, we infer that this difference was due to the gaps that appeared in the background of backdrop images due to the cutting away of the foreground parts, thereby causing a reduction in the image quality perceived by the viewers.
In the "overall" subjective evaluation results, the REAL images scored higher than the planar images, while the backdrop images scored lower. The overall evaluation was an evaluation of the viewer's overall preferences related to the images, and this shows that the REAL images were rated as well as or better than ordinary planar images.
Conclusion
We proposed a three-dimensional-input method using a relief-like depth map generation algorithm (REAL). REAL is based on the concept of reproducing a depth map, like the relief of a coin, from 3-D input. It enables a portable 3-D-input system to be achieved using only a monocular camera and a photoflash. REAL is very simple and convenient compared with conventional technology using triangulation. We also gave an overview of the concept and the depth map calculations. Results of a subjective test conducted using 3-D images generated by REAL indicate that observers perceived natural 3-D images on DFD displays. Our experimental results suggest that using REAL for 3-D-input applications in consumer applications will lead to devices that are more compact and have shorter measurement times and less stringent environmental operating criteria, allowing 3-D input to be achieved without accurate distance measurements.
